The oxide barrier layer at the bottom of the pores has been successfully thinned by applying an exponential voltage decrease process followed by a wet chemical etching. The impact of the potential drop on the porous anodic alumina (PAA) structure has been deeply investigated, as well as the electrolyte temperature, the number of potential steps and the exponential decay rate. The results presented herein evidence that straight pores can be obtained and simultaneously remove the dielectric layer in spite of applying the exponential voltage decay during the PAA synthesis, through a smart adjustment between the anodization conditions and exponential voltage decay parameters. Additionally, the PAA structure can be tuned to fabricate hierarchically nanoporous templates with secondary pores ranging from 2 up to 10 branches. The presented simple procedure aims to become a standard step for the fabrication of the next generation PAA templates based devices.
Introduction
Porous anodic alumina (PAA) has attracted a considerable interest as a template for the nanostructures growth [1] [2] [3] [4] [5] [6] [7] . Such template enables fabricating self-ordered hexagonal lattice with tunable geometric features by accurately adjusting the parameters involved in the anodization process. For instance, one can synthesize PAA templates with pore diameters ranging from 10 nm up to 500 nm [8, 9] , high pore densities in the range 10 8 -10 11 cm −2 and pore depths from a few hundred nanometers to the millimeter scale [10] . Regarding the synthesis of nanostructures where electrodeposition processes are involved, a critical structural parameter is the thickness of the oxide barrier layer at the pore's bottom. For example, when a thick barrier layer is perceived a high potential is required for the electrons to tunnel through such an insulating layer. Different methods have been developed in order to thin this oxide barrier layer at the bottom of the pores. For instance, aluminum can be evaporated into a conductive substrate and subsequently the pore formation is carried out until the underlying conductive support is reached [11, 12] . Nonetheless, the biggest constraint of this approach, relies on the fact that an important thickness of aluminum has to be deposited since the two-step anodization process implies the elimination of a thick sacrificial layer, otherwise a low pore ordering degree is achieved. Another approach uses free-standing membranes fabricated by the complete removal of the underlying aluminum followed by an evaporation [13] or sputtered step [14] of a conductive material. However, this second approach requires two extra steps: based on a deposition of a thin metal layer followed by the transfer of the alumina membrane. However, the thickness of the PAA template is limited, since the PAA membranes have to be relatively thick in order to avoid cracks. Both mentioned processes are not desirable for the high scale devices fabrication. Dry etching can be considered as a possible alternative route for removing the oxide barrier layer [15, 16] . Nevertheless, this technique involves complexes and costly technologies. The simplest effective procedure consists in decreasing the exponential voltage at the end of the second anodization process [17] [18] [19] [20] followed by a wet chemical etching. The main disadvantage related to the exponential voltage decrease process is the formation of a branched structure at the bottom of the pores. The nanostructure's synthesis within a branched PAA structure has already been addressed and well reported in the literature [19, [21] [22] [23] [24] [25] . Nevertheless, in all these cases, the voltage decrease is implemented to generate branched nano-scale architectures.
The oxide barrier is determined by the anodization conditions, and is generally accepted that its thickness is proportional to the applied potential. For instance, the anodization ratio (AR) express the dependence between the barrier layer thickness and the applied potential, defined as AR= tb/U where tb is the oxide barrier layer thickness and U is the anodization potential. There is a huge controversy concerning the role of the electrolyte temperature on the oxide barrier thickness. Some groups report that an increasing electrolyte temperature leads a lowering of the barrier layer thickness [26, 27] , on the other hand, there are studies which sustain that the barrier layer thickness is independent of the electrolyte temperature, and is only determined by the applied potential [28, 29] . A very interesting approach is proposed by Aerts et al. [30] who compared the influence of the aluminum temperature and the electrolyte temperature on the anodization process. They conclude that the porous oxide layer displays a larger susceptibility to the electrode temperature than to the electrolyte temperature.
In this context, the main benefit of the conducted work is to highlight that the exponential voltage decrease process can be successfully implemented to thin the oxide barrier layer at the bottom of the PAA pores avoiding a branch multiplication phenomenon, or controlling the barrier thinning parameters to precisely tailor the number of branches of the hierarchically nanotemplates. The strategy adopted for reducing the branched structure relies on a conbination of an electrolyte temperature increment with a fast voltage drop. At every potential fall, the system enters into a new equilibrium state with a correlated pore cell structure which depends on the anodization parameters. A drastic change of the applied potential can stop the anodization because the system cannot be self-adjusted into the newly imposed anodization conditions. Therefore the higher electrolyte temperature implies higher density currents, consequently, for every potential drop, the system has more margins to selfadjust.
In order to estimate the number of branched, we utilize the method previously introduced technique [31, 32] combined with advanced 2D TEM based techniques implemented in both the TEM and STEM imaging modes of an transmission electron microscope [33, 34] to get more insight about the PAA porous structure characteristics in a nanometer range, but also to determine the precise thickness of the barrier layer at the bottom pores. Such studies set the basis to build a direct relationship between the PAA architecture in terms of pores morphology, depending on the anodization conditions, and simultaneously provide valuable information for the template fabrication. 
Characterization techniques
The morphological characterizations have been performed using a Field-Emission Scanning
Electronic Microscopy (FE-SEM, HITACHI S4800). The main pore characteristics of the PAA templates, such as the pore area, the pore diameter and their boundary have been measured directly from the SEM micrographs using image treatment through the open-source "ImageJ"
software [35] as in our previous work [36] . For a more detailed description of the PAA features see the SI. For the TEM analyses of all the synthesized samples, cross-section lamella preparation was necessary. Such preparation has been performed using the Focus Ion Beam technique available within a DualBeam microscope. Electron microscopy observations were carried out using two FEI-Titan electron microscopes operating at 200 kV and 300 kV. The electron microscope operating at 200kV equipped with a Cs probe corrector and a Chemistem
Super-X detector allowed us achieving chemical analyses using Energy Dispersive X-ray spectroscopy (EDX).
Results and discussion

PAA dependence with the anodization temperature
In order to study the pore's bottom zone, PAA templates have been fabricated by considering different electrolyte temperatures (without applying a thinning barrier step process). The TEM micrographs obtained for each corresponding PAA templates given in figure 1(a) -(g), evidence the effect of the electrolyte temperature on the PAA template characteristics in terms of pores length and structure. In the figure is well evidenced that as the current density is affected by the electrolyte temperature (see figure S1 for more details), the PAA layer grows as the temperature increase. It is well known that the electrolyte solution and the solid electrode are characterized by different types of conductivity: electron current passes through aluminum, and ionic current through the electrolyte solution. For the current to pass through the interface between them, the following electrochemical reaction must occur: Al + 2H2O --
In this reaction, protons are generated along with the electrons for the external circuit, which decreases the pH value at pore bottoms and promotes the in-situ dissolution of alumina leading to a rise of the anodization current [37] , the ion current is driving force for oxide growth, while electronic current results in oxygen evolution under the contaminated anion layer [38] . Thus, the pore length is changing considerably from 900 nm 
Exponential voltage decrease
The branch multiplication is a phenomenon consequence of the exponential voltage decrease.
In the present work, various voltage decays rate have been used with an associated electrolyte temperature. However, it's very complicated and time-consuming to establish by direct measurements, i.e. FIB manipulation and TEM observations [39] , if the exponential voltage decays rate η imposed at the end of the second anodization is effective to thin the oxide barrier layer. The situation is aggravated when a branched structure is present at the bottom of the pores. Therefore, to determine an effective η value, we have taken into account two criteria's. The first one refers to the fact that the anodization voltage is not interrupted during the whole exponential voltage decrease process. This implies an increase of the current density followed the voltage drop as is pointed out in figure 2 .a. Such rise of the current density guaranteed the ongoing anodization process, since the system is self-adjusted to new a cell structure associated with a steady density current, nevertheless, herein the potential drops before the system reaches a steady state. The second criterion, consider that a homogenous electrodeposition process occurs subsequently to the thinning process. In order to verify this assumption nickel nanoparticles have been deposited within the PAA template at various . The number of total voltage steps has a great impact on the pore bottom structure. As described above, in a steady anodization the thickness of the dielectric barrier tB is
proportional to the applied potential. However in the case of the exponential voltage decrease where a non-steady process takes place the barrier thickness depend on the anodized potential given by the equation (1), where is parameterized by . Since the effectiveness of the exponential voltage decrease process is affected by the electrolyte temperature Te, the oxide barrier layer also strongly depend of the electrolyte temperature. Therefore for the nonsteady anodization processes, we can establish that tB=tB(U,η,Te). On the other hand, we infer that the number of voltage steps determines the NBPP. For instance, higher branches densities are obtained for PAA templates fabricate with the same value but with a higher number of voltage drops. This is consistent with the fact that more potentials drops entails longer voltage decrease process, consequently, the system has more time to create branches. The previous results reveal that the anodization temperature and the exponential voltage decay rate mainly determine the pore structure close to oxide/aluminum interphase. In order to get a deeper understanding of the branched multiplication is interesting to roughly estimate the density of pores during the exponential decay process, and the influence of the anodization temperature on the PAA geometrical features.
The pore density ( ) and porosity (α) at fixed potential for a hexagonal close packed array is given respectively by equations (2) and (3) [40]. 
Where E and F are the interpore distance and the pore diameter, is generally accepted that DP and DI can be expressed as a function of the anodization potentials as in equations (5) and (6) , where λp and λI are proportionality constants.
Manipulating these set of equations with (1), is possible to infer a temporal evolution of the amount of branches, comparing the pore density at time ( ) with the initial pore density, ( = 0), as express equation (6),
It is important to highlight that such relation loses their validity as the anodized PAA layers start to differ from hexagonal patterns, therefore we cannot exactly calculate the NBBP for the PAA fabricated in our work, since the final applied potential is 4.97V, which highly differs from ideally optimal anodization potential in oxalic acidic environment which corresponds to 40V [41] . However, this calculation evidenced the fact that fasters exponential decrease processes reduce the number of branches. In order to explain the formation of straights pores, we propose a pore formation mechanism which considers that the branched pores are still formed after each potential drops, but for fast voltages decay rates which effectively reduced the oxide layer, the small pore branches are dissolved due to a pore merging triggered by the high electrolyte temperature that etch the pores walls. Such idea is in harmony with the fact that the pore diameter considerably increase as the electrolyte temperature rise while the interpore distance does not significantly varies as function of the electrolyte temperature (see figure S3 ). Nevertheless, to achieve this PAA formation condition, a fine tune of is required, as evidence figure 3 .a, an increment of the decay rate lead to a branch multiplication phenomenon.
Conclusions
In summary, herein we developed a powerful procedure that enables to homogeneously remove the oxide barrier layer at the bottom of the pores which limits and complicates the synthesis of nanostructures for the development of further applications. For the first time, we directly showed the possibility to implement the exponential voltage decrease process without the creation of secondary pores. The results obtained on the described methodology clearly show that by accurately adjusting the parameters involved in the anodization process, it is possible to fabricate PAA templates nanotemplates with straight pores either hierarchically structures with up to 10 branches created per primary pore. We corroborate that in the steady anodization process the oxide barrier layer is only determined by the applied potential. However, the electrolyte temperature in the exponential voltage decrease process plays a key role since enables to increase the anodization current. Thus, faster voltage drops can be applied without interrupting the pore formation and consequently enlarging the range of η effectives to thin the dielectric barrier layer. The number of branches created by primary pore (NBPP) is mainly determinate by such effective's η values, and the exponential voltage duration. Shorter thinning processes duration lead to a reduction of branch multiplication phenomenon, straight pores can be fabricated when interpore walls are dissolved and the small branched pores are merged due to high electrolyte temperature that wider the pore diameter. The methodology introduced can be rapidly converted as a building block for the next generation of devices based on PAA templates.
Fabrication of PAA templates with straights pores or with hierarchal structures, tailoring the number of branches at the bottom of the pores, by adjusting the parameters involved on the exponential voltage decrease process, originally applied to thin the oxide barrier layer characteristically of the PAA.
